Takimoto M, Hamada T. Acute exercise increases brain regionspecific expression of MCT1, MCT2, MCT4, GLUT1, and COX IV proteins. J Appl Physiol 116: 1238 -1250, 2014. First published March 7, 2014 doi:10.1152/japplphysiol.01288.2013.-The brain is capable of oxidizing lactate and ketone bodies through monocarboxylate transporters (MCTs). We examined the protein expression of MCT1, MCT2, MCT4, glucose transporter 1 (GLUT1), and cytochrome-c oxidase subunit IV (COX IV) in the rat brain within 24 h after a single exercise session. Brain samples were obtained from sedentary controls and treadmill-exercised rats (20 m/min, 8% grade). Acute exercise resulted in an increase in lactate in the cortex, hippocampus, and hypothalamus, but not the brainstem, and an increase in ␤-hydroxybutyrate in the cortex alone. After a 2-h exercise session MCT1 increased in the cortex and hippocampus 5 h postexercise, and the effect lasted in the cortex for 24 h postexercise. MCT2 increased in the cortex and hypothalamus 5-24 h postexercise, whereas MCT2 increased in the hippocampus immediately after exercise, and remained elevated for 10 h postexercise. Regional upregulation of MCT2 after exercise was associated with increases in brain-derived neurotrophic factor and tyrosine-related kinase B proteins, but not insulin-like growth factor 1. MCT4 increased 5-10 h postexercise only in the hypothalamus, and was associated with increased hypoxiainducible factor-1␣ expression. However, none of the MCT isoforms in the brainstem was affected by exercise. Whereas GLUT 1 in the cortex increased only at 18 h postexercise, COX IV in the hippocampus increased 10 h after exercise and remained elevated for 24 h postexercise. These results suggest that acute prolonged exercise induces the brain region-specific upregulation of MCT1, MCT2, MCT4, GLUT1, and COX IV proteins. brain; exercise; MCT substrate; transporter THE BRAIN IS A HIGHLY OXIDATIVE organ that requires a continuous supply of energy substrates and substrate combinations to cover energy demands. Under normal physiological conditions, glucose is the major source of mitochondrial energy oxidation for the brain. Lactate is also utilized effectively as an energy substrate by brain activation (6, 21, 27, 63) . Specifically, brain lactate increases during exercise, and the brain plays an active role in the clearance of excessive lactate (12, 37, 47, 49, 59 ). The oxidation of lactate in the brain may account for as much as ϳ33% of the total energy substrate used by the brain during exercise (37). In contrast, the brain's glucose uptake is reduced by ϳ25% when its lactate uptake is increased (49), suggesting that the brain preferentially consumes lactate during exercise. Thus it appears that lactate is an important fuel source for brain metabolism both under normal conditions and during exercise. During brain activation, astrocytic glycolysis accounts for a major portion of the increase in lactate, whereas neurons mostly oxidize the lactate that is released from glial cells (40, 42, 44) , suggesting that lactate itself may function as a primary fuel source for neurons. The production-oxidation cycle of lactate requires the exchange of this substrate between astrocytes and neurons, where lactate can be metabolized. The extrusion of lactate from the glial cells and its uptake by the surrounding neurons occur via a facilitated transport system involving monocarboxylate transporter (MCT) proteins (36). Brain MCTs have been proposed to play a key role in coupling neuronal activity and lactate transport through a mechanism referred to as the astrocyte-neuron lactate shuttle (ANLS) (41). Given the key role of the ANLS in mediating lactate transport for memory formation, it is feasible that exercise-induced increases in monocarboxylate and MCT proteins in the brain may benefit brain functions, including cognitive ones.
THE BRAIN IS A HIGHLY OXIDATIVE organ that requires a continuous supply of energy substrates and substrate combinations to cover energy demands. Under normal physiological conditions, glucose is the major source of mitochondrial energy oxidation for the brain. Lactate is also utilized effectively as an energy substrate by brain activation (6, 21, 27, 63) . Specifically, brain lactate increases during exercise, and the brain plays an active role in the clearance of excessive lactate (12, 37, 47, 49, 59) . The oxidation of lactate in the brain may account for as much as ϳ33% of the total energy substrate used by the brain during exercise (37) . In contrast, the brain's glucose uptake is reduced by ϳ25% when its lactate uptake is increased (49) , suggesting that the brain preferentially consumes lactate during exercise. Thus it appears that lactate is an important fuel source for brain metabolism both under normal conditions and during exercise. During brain activation, astrocytic glycolysis accounts for a major portion of the increase in lactate, whereas neurons mostly oxidize the lactate that is released from glial cells (40, 42, 44) , suggesting that lactate itself may function as a primary fuel source for neurons. The production-oxidation cycle of lactate requires the exchange of this substrate between astrocytes and neurons, where lactate can be metabolized. The extrusion of lactate from the glial cells and its uptake by the surrounding neurons occur via a facilitated transport system involving monocarboxylate transporter (MCT) proteins (36) . Brain MCTs have been proposed to play a key role in coupling neuronal activity and lactate transport through a mechanism referred to as the astrocyte-neuron lactate shuttle (ANLS) (41) . Given the key role of the ANLS in mediating lactate transport for memory formation, it is feasible that exercise-induced increases in monocarboxylate and MCT proteins in the brain may benefit brain functions, including cognitive ones.
The MCT proteins responsible for the transport of lactate, pyruvate, and ketone bodies belong to a separate family of transporters that contains eight or more MCTs (44) . In the central nervous system, three MCT isoforms have been identified, and their distribution has been determined at the cellular level (44) . In the rodent brain, MCT1, MCT2, and MCT4 isoforms are believed to be the key transporters involved in regulating lactate flux across the plasma membrane. MCT1 is expressed in astrocytes, endothelial cells of microvessels, ependymocytes, and oligodendrocytes (18, 20, 44, 45) , and is homogenously distributed throughout the entire rodent brain (39, 44) . In addition, GLUT1, the well-characterized transport system for D-glucose, is also abundantly expressed in astrocytic and endothelial cells (33, 47) . MCT2 and GLUT3 are predominantly present in neurons (33, 39, 43) . The predominant neuronal MCT2 is also coexpressed with cytochrome-c oxidase (COX) in the mitochondria of cultured neurons (21) , suggesting that both proteins play a major role in neural lactate oxidation. MCT4 is expressed exclusively by astrocytes throughout the brain (39, 44, 48, 49) . Such a distribution is associated with the functional characteristics of each MCT. Brain MCT1 and MCT4 are essential to ensure lactate release into the extracellular space, allowing cells to maintain their high glycolytic rate (44) . Lactate produced and released by astrocytes accumulates to form an extracellular pool, thus becoming available to serve as an additional energy substrate for active neurons when taken up via MCT2, which is highly expressed in the neurons of both dendrites and axons (43, 44) .
Acute exercise can rapidly increase production and oxidation of lactate in the brain (37, 47, 49, 59) . The effect of acute exercise on expression of brain by MCTs and other transport proteins such as GLUTs and COX, which is involved in neural lactate oxidation, remains unclear, however. In skeletal muscle, a single bout of prolonged moderate exercise can transiently increase MCT1 and MCT4 expression, and this is a relatively fast process. Indeed, previous studies have shown that expression of MCT1 and MCT4 proteins increases immediately in the skeletal muscles of humans (19) and rats (10) after a single bout of prolonged moderate exercise. Elevated levels of MCT protein are sustained for 2-4 days in human muscle after a prolonged exercise bout (19) , and for a minimum of 24 h in rat muscle (10) . These findings suggest that MCT1 and MCT4 belong to a class of metabolic proteins that are induced rapidly and maintained at elevated levels after an exercise stimulus. The reduction in lactate accumulation after exercise may be one of the very early adaptive responses to repeated acute exercise, and appears to be associated with an enhanced rate of lactate clearance (14) . This adaptation involves in an upregulation of MCT (19) . Thus the exercise-induced rapid increase in MCT protein expression may be a key factor in enhancing lactate uptake and removal. Expression of MCT proteins in the brain may be upregulated by prolonged moderate exercise because metabolic gene expression in the muscles and brain appear to exhibit similar adaptive increases in response to exercise training (1, 29, 54) . A bout of acute prolonged exercise at moderate intensity induces not only depletion of glycogen in muscle, but also an acute decrease in glycogen in the brain, as reported in a model of exhaustive exercise (35) . Thus the stimulatory effect of prolonged moderate exercise is likely to be sufficient to induce expression of MCT proteins in various regions of the brain.
Whether acute exercise-induced upregulated expression of MCT proteins in the brain occurs in a region-specific manner is currently unknown. In the rodent brain, the cortex and hippocampus have been extensively studied because considerable evidence has accumulated that they are key regions for cognition, learning, and memory (51, 52, 56, 60 -62) . Similarly, the hypothalamus and brainstem have attracted attention because they are central regions for homeostatic and metabolic control of behavioral, autonomic, and endocrine effector pathways that give rise to changes in food intake and energy expenditure (53) . Moreover, these regions of the brain are the ones most likely to be affected by an acute decrease in brain glycogen caused by prolonged exhaustive exercise (35) , leading to the production of lactate as fuel for neurons in the brain. We would expect that marked changes in expression of MCT proteins in these regions would be brought about by prolonged exercise. Thus it is of interest to explore whether differences in exercise-induced expression of MCT proteins can be detected in functionally distinct regions. Previous findings in rat muscle have shown that basal expression levels of MCT proteins are subject to muscle type-specific upregulation after prolonged moderate exercise (10) . Similarly, a brain region-specific effect due to acute prolonged moderate exercise may also occur if there are regional differences in MCT abundance under basal conditions.
To further clarify how acute exercise exerts regional effects on MCT protein expression in the brain it would be valuable to understand the molecular regulation of the responses to acute exercise. The mechanisms that underlie brain MCT expression are regulated by several mediators of molecular signaling involving brain-derived neurotrophic factor (BDNF), one of the neurotrophins that activates its high-affinity receptor, tyrosine-related kinase B (TrkB), insulin-like growth factor-1 (IGF-1), and nitric oxide (NO). BDNF and/or IGF-1 are key proteins mediating neuronal MCT2 expression. In fact, brain MCT2 has been shown to be upregulated in neurons by a translational mechanism via BDNF and/or IGF-1 signaling (51, 52) . In parallel, several studies have documented a rise in BDNF and IGF-1 levels in certain brain areas after exercise training (13) , and their implication in the induction of several proteins (9, 52) . In addition to this pathway, endothelial cellderived NO has been proposed to modulate expression of MCT1 and/or MCT4 in the brain through a hypoxia-inducible factor 1␣ (HIF-1␣)-mediated mechanism (7, 30, 34) . These findings lead us to postulate that BDNF-and NO-related signaling may play a role as a significant regulator in exerciseinduced regional expression of MCT proteins in the brain.
In the present study, we examined acute, prolonged exerciseinduced changes in MCT1, MCT2, and MCT4 protein expression in the rat brain arising in the first 24 h following prolonged exercise (2 h on a treadmill). In addition, we examined the effect of a single exercise session on the levels of GLUT1 and GLUT3, and on COX subunit IV (COX IV), which serves as an effective mitochondrial marker associated with neural lactate oxidation. These studies were performed in four loci: the cortex, hippocampus, hypothalamus, and brainstem of the rat brain, key regions for cognitive and metabolic functions, to test our hypothesis that acute exercise-induced increases in expression of MCTs, GLUT1, and COX IV occur in a brain regionspecific manner. Furthermore, we also examined BDNF, IGF-1, TrkB, and HIF-1␣ signaling as potential regulatory mechanisms controlling brain MCT expression after acute prolonged exercise. The results show for the first time that a single bout of prolonged endurance exercise at moderate intensity results in the region-specific upregulation of MCT1, MCT2, MCT4, GLUT1, and COX IV proteins in the rat brain.
MATERIALS AND METHODS
Animals. Sprague-Dawley rats (male, 200 -250 g) were purchased from Crea Japan (Tokyo, Japan). The animals were housed in plastic cages (four rats per cage) in an animal room maintained at 22-24°C with a 12:12-h light-dark cycle, and fed a standard rodent chow diet with water ad libitum (Laboratory Diet CE-2; CLEA Japan, Tokyo, Japan). Prior to the acute treadmill exercise experiment, all rats were familiarized with treadmill running at speeds of 5-20 m/min on an 8% grade for ϳ10 min/day for 5 days. This research was approved by the Ethics Committee of Animal Experimentation at Osaka University of Health and Sport Sciences.
A single bout of prolonged exercise. After 2 days of rest following the treadmill familiarization program, rats were randomly assigned to either a control or an exercise group. The acute exercise group was subjected to a single bout of exercise consisting of running on a treadmill for 2 h at a moderate intensity (20 m/min, 8% grade), equivalent to 50 -70% V O2max for rats (8) .
Preparation of brain tissue. Brain tissue was obtained from the sedentary control and exercise groups. The animals were anesthetized with an intraperitoneal injection of pentobarbital sodium (5 mg/100 g body wt) immediately after (0 h) and at 5, 10, 18, and 24 h following the 2-h exercise session. Four brain loci, including the cortex, hippocampus, hypothalamus, and brainstem were collected, frozen in dry ice-cooled isopentane, and stored at Ϫ80°C until analysis. The exercised rats were returned to their cages and kept there until the samples were collected. Food and water were provided to the rats during the recovery period following the treadmill exercise. Age-matched sedentary control rats for all experiments in this study were kept in cages until they were killed.
Single exercise bouts for different durations. To examine the changes in metabolic substrates in the blood and brain during the 2-h exercise bout, rats were subjected to treadmill running (20 m/min, 8% grade) for 30, 60, 90, and 120 min (n ϭ 4 -7 rats per group). Immediately after completion of exercise, blood samples were collected from the jugular vein. To examine changes in brain lactate and ␤-hydroxybutyrate levels immediately after exercise, the rats were killed by cerebral-focused microwave irradiation (5 kW, 1.7 s; MMW-05; Muromachi Kikai, Tokyo Japan), which immediately stops all enzymatic activities and avoids postmortem artifacts (35) . After microwave irradiation the cortex, hippocampus, hypothalamus, and brainstem were collected, frozen in dry ice-cooled isopentane, and stored at Ϫ80°C until analysis. Age-matched sedentary control rats were kept in cages until they were killed.
Western blot analysis. Sample preparation and Western blot analysis were performed according to the protocol described in previous studies (17, 57) . The brain samples were homogenized in buffer A (210 mM sucrose, 30 mM HEPES, 5 mM EDTA, 2 mM EGTA, 40 mM NaCl, and 2 mM phenylmethylsulfonyl fluoride, pH 7.4). Then, 400 l of buffer B (1.167 M KCl and 58.3 mM tetrasodium pyrophosphate) was added, mixed briefly, and placed on ice for 15 min. After centrifugation at 200,000 g for 75 min at 4°C the supernatant was discarded and the pellet was washed thoroughly with buffer C (10 mM Tris·HCl base and 1 mM EDTA, pH 7.4). The pellet was then homogenized in 500 l of buffer C. After mixing 200 l of 16% SDS, the samples were vortex-mixed and centrifuged at 1,100 g for 10 min at room temperature. The resulting supernatant was solubilized in Laemmli sample buffer and boiled. We used the Lowry protein assay (Bio-Rad, Hercules, CA) to measure protein concentrations.
The brain homogenate samples (20 g of protein) were separated by SDS-PAGE using either a 12% polyacrylamide gel for MCTs, GLUTs, and COX IV or a 12.5% gel for BDNF, TrkB, IGF-1, and HIF-1␣. The proteins were then transferred to polyvinylidene difluoride membranes (PolyScreen; PerkinElmer, Wellesley, MA) at 100 V for 1 h. The membranes were incubated for 1 h at room temperature with MCT1, MCT2, or MCT4 antibody (a donation from Dr. Hideo Hatta, Department of Sports Science, University of Tokyo, Tokyo, Japan) (10) or incubated overnight at 4°C with primary antibody [GLUT1 antibody (7903; Santa Cruz Biotechnology, Santa Cruz, CA), GLUT3 (30107; Santa Cruz Biotechnology), BDNF (546; Santa Cruz Biotechnology), IGF-1 (9013; Santa Cruz Biotechnology), HIF-1␣ (10790; Santa Cruz Biotechnology), COX IV (4850; Cell Signaling Technology, Beverly, MA), GAPDH (2118; Cell Signaling Technology), and TrkB (4603; Cell Signaling Technology)]. The membranes were incubated in blocking solution [Tris-buffered saline (TBS) with 0.1% Tween 20 (TBST) and 5% nonfat dry milk] for 1 h at room temperature and washed with TBST. The membranes were then incubated for 1 h at room temperature with anti-rabbit IgG antibody (GE Healthcare, Buckinghamshire, UK). The antibodybound protein was reacted with enhanced chemiluminescence (ECL prime; GE Healthcare), and the blot signal was detected by a short exposure to blue light-sensitive film (Konica Minolta Medical & Graphic, Tokyo, Japan). The intensity of the bands was quantified by densitometric analysis using Scion Image software (Scion). The mean value for the control samples on each immunoblot, expressed relative to GAPDH, was adjusted to equal 1.0, and each sample value was expressed relative to the adjusted mean value for the control group.
Brain lactate and ␤-hydroxybutyrate assays. The lactate measurements were performed according to the method described by Passonneau and Lauderdale (38) . Briefly, samples were added to 100 l of ice-cold 3 M perchloric acid, homogenized using a homogenizer, and then centrifuged at 1,000 g for 5 min at 4°C. The resulting supernatant was mixed with buffer containing glycine, hydrazine, and nicotinamide adenine dinucleotide and then added to lactate dehydrogenase. The fluorescence measurements were taken at 350 nm excitation and 450 nm emission. The lactate concentration was calculated from a standard curve. The average lactate levels of the sedentary controls corresponded well with previous findings obtained in a microwave irradiation study (35) , indicating methodological validity. The level of ␤-hydroxybutyrate, a ketone body, was measured using a ␤-hydroxybutyrate colorimetric assay kit (BioVision, Milpitas, CA). The average brain ␤-hydroxybutyrate levels of the sedentary controls corresponded well with a previous finding in rats (24) .
Blood sample assays. The plasma concentrations of free fatty acids (FFA) (NEFA-C kit; Wako, Osaka, Japan) and ␤-hydroxybutyrate (␤-hydroxybutyrate colorimetric assay kit; BioVision) were measured using commercial assay kits. Blood glucose and lactate concentrations were measured using automated glucose (Glutest Every; Sanwa Kagaku Kenkyusho, Nagoya, Japan) and lactate (Lactate Pro; Arklay, Kyoto, Japan) analyzers.
Statistical analyses. Data are expressed as means Ϯ SE. Statistically significant differences were determined using a one-way ANOVA with a subsequent Fisher's least significant difference test. The differences between groups were considered statistically significant at P Ͻ 0.05. Table 1 summarizes the basic plasma characteristics measured immediately after acute exercise for various durations. Blood lactate concentration was elevated in rats that completed the 30-min exercise session compared with sedentary controls (P Ͻ 0.001) and remained elevated through 120 min of exercise (P Ͻ 0.05). Plasma FFA concentrations were increased in rats that completed the 60-min exercise session compared with sedentary controls (P Ͻ 0.01), and thereafter, progressively increased through 120 min of exercise (P Ͻ 0.001). Compared with sedentary controls, plasma ␤-hydroxybutyrate concentrations increased progressively together with FFA after 120 min of exercise (P Ͻ 0.05). The glucose concentration was reduced after cessation of the 120-min exercise bout (P Ͻ 0.001).
RESULTS

Blood substrates.
Brain lactate levels. Brain lactate levels were measured in the cortex, hippocampus, hypothalamus, and brainstem immediately after exercise for various durations. In the cortex and hippocampus, lactate concentrations were elevated after the 30-min exercise session compared with sedentary control animals (P Ͻ 0.05) and remained elevated in the cortex through 120 min of exercise (P Ͻ 0.05) (Fig. 1) . Hypothalamus lactate concentrations were elevated after 90 min of exercise compared with sedentary controls (P Ͻ 0.01) and remained high after 120 min of exercise compared with sedentary controls (P Ͻ 0.05). Lactate concentrations in the brainstem were not affected by exercise, however. Brain ␤-hydroxybutyrate levels. ␤-Hydroxybutyrate concentrations were measured in the cortex, hippocampus, hypothalamus, and brainstem immediately after acute exercise for various durations. ␤-Hydroxybutyrate was elevated in the cortex after 90 min of exercise compared with sedentary controls (P Ͻ 0.01) and further increased after 120 min of exercise (P Ͻ 0.01) (Fig. 2) , whereas concentrations in the hippocampus, hypothalamus, and brainstem were not affected by acute exercise.
Effect of a single exercise session on brain MCT1 protein. MCT1 protein expression was increased in the cortex and hippocampus of rats after a single bout (2 h) of treadmill exercise (Fig. 3) . MCT1 in the cortex was increased 5 h after the exercise bout (1.6-fold; P Ͻ 0.01) relative to sedentary controls and remained elevated up to 24 h after the exercise (1.5-fold; P Ͻ 0.05). MCT1 in the hippocampus increased from 5 h (1.4-fold; P Ͻ 0.05) to 10 h (1.4-fold; P Ͻ 0.05) after the exercise session, whereas MCT1 in the hypothalamus and brainstem was not affected at any time point after the single exercise session. In addition, MCT1 in the cortex, hippocampus, hypothalamus, and brainstem was unaltered immediately after acute treadmill running for 30, 60, or 90 min (n ϭ 4 -7 rats per group) (data not shown).
Effect of a single exercise session on brain MCT2 protein. MCT2 protein expression increased in the cortex, hippocampus, and hypothalamus of rats after a single bout (2 h) of treadmill exercise (Fig. 4) . In the cortex and hypothalamus, MCT2 was increased 5 h after the 2-h exercise bout (cortex 1.3-fold, hypothalamus 1.7-fold; P Ͻ 0.05) relative to sedentary controls and remained elevated up to 24 h after the exercise session (cortex 1.3-fold, hypothalamus 1.5-fold; P Ͻ 0.05). MCT2 in the hippocampus increased immediately after the cessation of 2 h of exercise (1.4-fold; P Ͻ 0.05) but was unaltered immediately after acute treadmill running for 30, 60, and 90 min. After 2 h of treadmill exercise, hippocampal MCT2 remained elevated for 10 h after the exercise session (1.3-fold; P Ͻ 0.05). MCT2 in the brainstem, however, was not affected at any time point after the exercise bout. In addition, MCT2 in the cortex, hypothalamus, and brainstem was unaltered immediately after acute treadmill running for 30, 60, or 90 min (n ϭ 4 -7 rats per group) (data not shown).
Effect of a single exercise session on brain MCT4 protein. MCT4 protein expression increased in the hypothalamus after a single bout (2 h) of treadmill exercise (Fig. 5) . In the hypothalamus, it was increased 5 h after the exercise session (1.5-fold; P Ͻ 0.05) and remained elevated for 10 h after the exercise bout (1.6-fold; P Ͻ 0.05). In the cortex, hippocampus, and brainstem, no change in MCT4 was observed at any time point after the exercise session. In addition, MCT4 in the cortex, hippocampus, hypothalamus, and brainstem was unaltered immediately after acute treadmill running for 30, 60, or 90 min (n ϭ 4 -7 rats per group) (data not shown).
Effect of a single exercise session on brain GLUT1, GLUT3, and COX IV proteins. GLUT1 in the cortex increased 18 h after a single bout (2 h) of treadmill exercise (Fig. 6 ) (1.5-fold; P Ͻ 0.01). In the hippocampus, hypothalamus, and brainstem, however, it was not affected by exercise. In addition, the 2-h exercise bout did not alter GLUT3 expression in the brain, including the cortex, hippocampus, hypothalamus, and brainstem (data not shown). The mitochondrial protein COX IV was elevated in the hippocampus 10 h after the exercise session (1.5-fold; P Ͻ 0.05), and this increase was stably sustained for 24 h after the exercise session (1.5-fold; P Ͻ 0.05). In the cortex, hypothalamus, and brainstem, no changes in COX IV levels were observed at any time point after the exercise bout.
Effect of a single exercise session on brain BDNF, TrkB, IGF-1, and HIF-1␣ signaling. BDNF and TrkB increased in the hippocampus and hypothalamus of rats immediately after a single bout (2 h) of treadmill exercise (Fig. 7) (BDNF 1.5-fold in the hippocampus, 1.6-fold in the hypothalamus, P Ͻ 0.05; TrkB 1.4-fold in the hippocampus, 1.6-fold in the hypothalamus, P Ͻ 0.05) and remained increased 5 h after the exercise (BDNF 1.6-fold in the hippocampus, 1.5-fold in the hypothalamus, P Ͻ 0.05; TrkB 1.5-fold in the hippocampus, 1.6-fold in the hypothalamus, P Ͻ 0.05). BDNF and TrkB in the cortex increased 5 h after exercise (BDNF 1.6-fold, TrkB 1.4-fold, P Ͻ 0.05). BDNF and TrkB in the brainstem were not affected by 2 h of treadmill exercise; neither was IGF-1 in the cortex, hippocampus, hypothalamus, and brainstem (data not shown). HIF-1␣ increased in the hypothalamus immediately after exercise (1.7-fold; P Ͻ 0.01) (Fig. 8) .
DISCUSSION
This is the first study to demonstrate that a single bout of prolonged moderate exercise can induce expression of MCT proteins in rat brain. Perhaps the most novel finding was that there was rapid upregulation of MCT1, MCT2, and MCT4 in the cortex, hippocampus, and hypothalamus that persisted through the first 24 h after acute prolonged exercise, but the brainstem was unaffected. From the present study it is clear that exercise-induced expression of MCT1, MCT2, and MCT4 in the brain was attained 5-10 h after the cessation of acute exercise, and that the effect could be sustained for 10 -24 h after exercise. Furthermore, 18 h after exercise, GLUT1 increased only in the cortex, and COX IV increased 10 -24 h in the hippocampus after exercise. The present study therefore demonstrates that acute prolonged exercise upregulates expression of MCTs, GLUT1, and COX IV in the rat brain.
A further novel finding of the present study is that 2 h of treadmill exercise resulted in rapid and long-lasting elevations of MCT proteins in functionally different regions. We compared four discrete brain regions: the cortex, hippocampus, hypothalamus, and brainstem to determine whether there were specific regional effects of acute exercise on MCT protein expression. Because these specific regions have different functions, being responsible for cognitive systems including learning and memory (cortex and hippocampus) (55, 56, 60, 61) , and for homeostatic control of feeding and glucose (hypothalamus and brainstem) (53) , it is valuable to determine whether the differences in MCT protein expression occur in a regionspecific manner. In this study we observed a sustained increase in MCT1 and MCT2 levels in the cortex region that persisted for 5-24 h after cessation of prolonged exercise at moderate intensity, suggesting that these two isoforms are concurrently upregulated in response to this exercise type and intensity. The cerebral cortex is believed to be the most susceptible to long-lasting upregulation of both MCT1 and MCT2 after exercise. Considering that prolonged exercise is most likely to more strongly activate the motor cortex (56), it may well be important to further examine the expression of MCTs in the cortex to determine whether there are different zones. Furthermore, acute prolonged exercise induced rapid upregulation of hippocampal MCT1 and MCT2. In particular, it is clear that an acute exercise-induced increase in MCT2 expression in the hippocampus had already taken place during the 2-h exercise period, and it attained a maximum 10 h after exercise. Although the postexercise expression level of MCT2 in the hypothalamus, which plays a central role in food intake control, was quite comparable to that of the cortex, an increase in MCT4 was observed only in the hypothalamus. Our results suggest that the effects of acute prolonged exercise on brain MCT protein expression are specific to regions related to specific brain functions (e.g., cognitive learning and memory, or food intake). The regional importance of the cortex, hippocampus, and hypothalamus as sources of neuronal lactate utilization may increase following acute prolonged exercise.
After the 2-h exercise period in this study, MCT isoform levels were unaltered only in the brainstem. This is difficult to explain because of the limited number of related studies published to date. The regionally specific effect of exercise on MCT protein levels, however, may be partly attributed to the regional differences in basal MCT protein expression. In ro- dent brain, MCT1 is expressed mainly in astrocytes and endothelial cells, and is homogenously distributed throughout the entire brain (44) , whereas MCT2 is expressed predominantly in neurons (43) , and MCT4 is expressed virtually exclusively in astrocytes throughout the entire brain (44, 48) . In the present study, quantitative Western blot analyses indicated that total basal levels of MCT1 and MCT2 were higher in the brainstem than in other regions. This may cause the functional differences between the brain regions in terms of lactate flux, because the flux rate correlates well with MCT protein expression levels (4, 17, 36) . It therefore seems reasonable to speculate that MCT1 and MCT2 might not be expressed in sufficient quantities in the brainstem to meet the physiological needs of the entire brain during and/or after acute exercise. This would explain why MCT1 and MCT2 levels in the cortex, hippocampus, and hypothalamus regions were significantly elevated for long periods following exercise. Our results therefore suggest that regional differences in basal expression levels of MCT proteins may determine the specific effects of acute prolonged exercise on each brain region. These results are likely to be similar to those found in rat skeletal muscle (10) . It has been suggested that the mechanisms regulating MCT protein expression in the brain can be translational, transcriptional, or both. The 3=-untranslated region (UTR) of brain MCT1 is very long (1.6 kb), and may play a role in translational regulation either by looping to interact with the translated region or by binding to regulatory factors or binding proteins, making the mRNA unavailable for translation. MCT2 protein has been shown to be regulated at the level of translation by neurotransmitters (44) . The presence of multiple mRNA transcripts for MCT2 in brain (43, 44) suggests the possibility that posttranscriptional regulation of MCT2 expression occurs through alternative splicing within the 5=-or 3=-UTRs, leading to differences in translation efficiency. Brain MCT4 is believed to arise from alternative splicing, suggesting the possibility of transcriptional regulation (44) . Changes in mRNA levels after acute exercise may reflect the effects of exercise on signaling pathways that regulate transcription or mRNA stability. Some of these changes can be a consequence of the interaction of the exercise with the known molecular targets of these pathways and the resultant change in neuronal excitability. However, the regulation of regional effects on acute exercise-induced upregulation of brain MCT proteins appears to be more complex because there is no simple concordance between the rate of transcription, mRNA abundance, and the changes in protein levels after exercise (10, 44) . In fact, after a 2-h treadmill session, rapid and long-lasting increases in MCT1 and MCT4 can occur in rat muscles with or without a concomitant increase in the corresponding mRNAs (10) . In agreement with the study on rat muscle (10), our pilot work also showed that expression of both MCT1 and MCT2 mRNAs in cortex significantly increased compared with control levels 10 h after 2 h of treadmill exercise, and this was maintained until 18 h after exercise, whereas MCT4 mRNA expression significantly increased at 18 h after exercise (58) . These results indicate discrepancies between mRNA levels of MCTs and protein expression in brain after acute exercise. As demonstrated by our pilot work, it is likely that regional effects of exercise on brain MCT expression involve regulation at transcriptional and posttranscriptional levels.
To elucidate the molecular regulatory mechanisms related to the regional effect of exercise on brain MCT proteins, we measured brain levels of the critical mediators BDNF, TrkB, IGF-1, and HIF-1␣ immediately and 5 h after acute prolonged moderate exercise because rat hippocampal BDNF increases 2 or 4 h after a single bout of exercise (25) . After 2 h of treadmill exercise, BDNF and TrkB increased in the cortex, hippocampus, and hypothalamus regions, resulting in region-specific upregulation of MCT2. This finding is consistent with previous results, suggesting that brain MCT2 is upregulated in neurons via the BDNF signaling pathway (51, 52) . These signaling events seem important for upregulation of neuronal MCT2 after acute exercise because BDNF engages its high-affinity receptor, TrkB, and modulates protein synthesis at the translational level (62) . IGF-1, however, one of the key modulators for upregulation of neuronal MCT2, was not altered by 2 h of treadmill exercise. This indicates that the IGF-1-related signaling pathway may not be involved in the regulation of acute exercise-induced increases in MCT2. In addition to BDNF signaling, we found that HIF-1␣ increased in the hypothalamus after 2 h of treadmill exercise, which resulted in upregulation of MCT4. This finding is potentially supported by previous studies suggesting that brain MCT4 expression is upregulated in astrocytes via an NO-related HIF-1␣-mediated mechanism (7, 34) , because NO stabilizes HIF-1␣ in astrocytes, leading to increased expression of MCT4 (7). It appears, however, that BDNF and/or HIF-1␣ are not involved in upregulation of regional MCT1 induced by acute prolonged exercise; this is probably accomplished by contributions from other signaling molecules. Both MCT1 and GLUT1 in endothelial cells that form blood vessels in brain are increased by hyperketonemia (46) . It is not clear whether such conditions occurred in this study and caused the rise in MCT1 and GLUT1 after acute exercise. However, because GLUT1, an analog of MCT1 in endothelial cells, is increased by acute metabolic stress caused by 5-amino-1-␤-D-ribofuranosyl-imidazole-4-carboxamide (AICAR), which mimics the effect of acute exercise (11), we cannot rule out the possibility that expression of MCT1 and/or GLUT1 in brain endothelial cells might be upregulated after acute prolonged exercise. In fact, we have previously detected the possible involvement of 5=-AMP-activated protein kinase, a key modulator, on acute exercise-induced expression of MCT1 (57) . Taken together, our results suggest that acute exercise-induced regional upregulation of neuronal MCT2 may be mediated via a signaling pathway at least partly involving BDNF and TrkB. Furthermore, our findings suggest that a specific effect of acute exercise on MCT4 in hypothalamus may be induced via an HIF-1␣-mediated mechanism, at least in part. Future studies are needed to clarify the detailed mechanisms regulating region-specific increases in MCT1 in astrocytic and endothelial cells after acute prolonged exercise.
Consistent with a previous study (35) , brain lactate levels increased after a single bout of exercise. However, our results indicate regional differences in lactate levels in the brain after exercise. In the brain, lactate is produced primarily by glycolysis in astrocytes. Because a 2-h exercise bout results in a decrease of glycogen as an energy reserve that is selectively localized in brain astrocytes (35) , the exercise-induced increase in lactate levels in the cortex, hippocampus, and hypothalamus is probably due to enhanced astrocytic glycolysis. Furthermore, several studies suggest that the increase in brain lactate during submaximal exercise is also associated with the uptake of lactate from the blood (5, 26, 47, 59) . The effect of increasing lactate utilization on blood and brain lactate levels during exercise cannot be distinguished in this study. The increased use of lactate as an energy source during exercise, however, may facilitate neuronal lactate oxidation. Because acute prolonged exercise clearly increased lactate and MCT proteins in the same brain regions, our results indicate that increased lactate utilization during exercise may be associated with increased expression of brain MCT proteins. In addition, a recent study has demonstrated that exogenously administered lactate could alter brain bioenergetics infrastructures (16) . Thus brain lactate may act as a regulator of MCT expression. This possibility is supported by previous evidence demonstrating the direct effect of lactate as a signaling molecule in L6 cells that regulates expression of MCT1, but not MCT4 (22) .
The physiological importance of this study's findings has implications for exercise training, which can improve spatial learning and memory function in rodents (60, 61) . A previous study has demonstrated the importance of astrocyte-neuron lactate transport on memory formation using intrahippocampal injections of antisense oligodeoxynucleotides to individually decrease expression of MCT1, MCT2, and MCT4 in rat (55) . In the rat hippocampus, decreased expression of MCT1 or MCT4 in astrocytes resulted in disrupted memory formation that was rescued by exogenous administration of lactate, but not glucose (55) . Furthermore, disrupting the expression of neuronal MCT2 also caused loss of long-term memory that was not rescued by exogenous lactate or glucose, indicating that its subsequent uptake into neurons through MCT2 is required for long-term memory (55) . Thus given the functional importance for memory of astrocyte-neuron lactate transport via MCT proteins, it is reasonable to expect that prolonged exerciseinduced increases in lactate utilization due to increased MCT1 and MCT2 occurring specifically in the cortex and hippocampal regions would benefit memory function when coupled with exercise-induced increases in MCT2 protein expression mediated by BDNF signaling, thereby facilitating lactate supply to neurons.
We found that an acute exercise bout increased ␤-hydroxybutyrate levels in the cortex. Ketone body uptake by the brain is manifested when blood ␤-hydroxybutyrate increases (23). Our results indicated that the ␤-hydroxybutyrate levels in the cortex increased concomitantly with those in the ␤-hydroxybutyrate blood. This may have important implications with regards to the requirement of an energy substrate for brain metabolism during exercise, because ketone body utilization is regulated by the permeability of the blood-brain barrier, which depends on the abundance of MCT1 protein (44) . The alterations in ␤-hydroxybutyrate levels may be related to ␤-hydroxybutyrate dehydrogenase activity. Indeed, regional studies of ␤-hydroxybutyrate dehydrogenase activity have shown that it is relatively higher in all areas of the rat cortex than in other regions (2, 32) . Furthermore, the cerebral cortex of the rat has been shown to take up and utilize higher levels of ␤-hydroxybutyrate compared with other brain regions (23) . In agreement with these findings, our results may be related at least in part to high levels of ␤-hydroxybutyrate dehydrogenase activity in the cortex.
In the rodent brain, GLUT1 protein is expressed in both endothelial and astrocytic cells, which form the blood-brain barrier, and it is essential for supplying glucose to the brain (33) . In the present study, we observed that GLUT1 protein increased 18 h after exercise in the cortex alone, which is similar to the observed increase of GLUT4 protein levels in rat muscle 16 h after a single bout of prolonged exercise (50) . In the present study, however, we did not detect any changes in neuronal GLUT3 protein after exercise. This, combined with the changes observed in the neuronal MCT2 level, means it is likely that acute prolonged exercise is responsible for an increase in either lactate or ketone body utilization by neurons as an adaptation following exercise, rather than an increase in glucose uptake. Although the regulatory mechanisms underlying the increase in brain GLUT1 expression have not been fully elucidated, evidence suggests that hypoglycemia may be at least one determinant of GLUT1 protein levels in the rat brain. Indeed, mild hypoglycemia resulting from glucose deprivation or starvation causes rapid and sustained increases in GLUT1 mRNA and protein levels in the brain (3, 31) , suggesting it may be a protective mechanism against energy depletion in the brain. Consistent with a previous study conducted on rats (35), our treadmill protocol resulted in a decrease in blood glucose levels. Furthermore, previous studies revealed that similar to blood glucose levels, brain glycogen levels in the various regions, including the cortex, hippocampus, hypothalamus, and brainstem decrease immediately after the cessation of a 2-h exercise bout. If a decrease in glucose levels in the brain during prolonged exercise stimulates GLUT1 protein expression, its level in the cortex and other brain regions examined in this study would be expected to increase after exercise. On the basis of present and previous results, the exercise-induced decrease in blood glucose levels is not a prerequisite for the stimulation of GLUT1 protein synthesis in the brain. GLUT1 protein expression and glucose levels in the brain may instead vary independently after exercise. Further studies are needed to clarify the molecular mechanisms responsible for increased GLUT1 protein expression in the brain after exercise. Although exercise training increases the expression of genes in the brain related to mitochondrial biogenesis at the mRNA (54) and protein levels (1), our results provide evidence that a single bout of prolonged exercise results in the continuous elevation of mitochondrial COX IV protein in the hippocampus, which is crucial for learning and memory storage, and indicates that hippocampal COX IV protein expression is greatly affected by prolonged exercise stimuli. Because COX and MCT2 proteins are coexpressed in the mitochondria of cultured neurons (21) and COX IV is one of the major regulation sites for oxidative phosphorylation (28) , increased levels of hippocampal COX IV and MCT2 protein may be associated with higher neural lactate oxidation than other brain regions.
The present results contradict previous findings in the mouse brain indicating that exercise training did not alter MCT2 or COX IV levels (15) despite using a treadmill speed that corresponded to the lactate threshold of untrained mice. Because of the limited number of related studies published to date, explaining these contrasting results is difficult. However, a previous study indicated that the treadmill speed used at the end of the training period might be below the lactate threshold (low intensity) of trained mice. Our results may well differ because our prolonged exercise regimen was at an intensity that equaled or exceeded the lactate threshold in rats (8) , as shown by its induction of acute increases in brain lactate and depletion of muscle glycogen. This indicates its validity as exhaustive exercise (35) and it was therefore likely to be sufficient to enhance brain MCT protein expression. Thus the contrasting results in the two studies may be related to differences in exercise intensity or in the species of experimental animal used. Less prolonged and/or less intense exercise bouts may not cause changes in lactate and MCT expression in the brain, whereas repeated acute bouts of prolonged moderate exercise may be an effective stimulus for MCT protein expression in the brain. Because lactate uptake increases in proportion to its arterial concentration and thereby also in proportion to exercise intensity (49) , it is likely that the regulation of lactate flux by expression of MCT proteins in the brain would become more important when the lactate level during exercise is equivalent to or exceeds the lactate threshold, and that higher lactate utilization may effectively upregulate brain MCT expression.
In conclusion, we have provided evidence indicating that a prolonged exercise bout results in acute increases in the levels of monocarboxylates such as lactate and ␤-hydroxybutyrate, and of MCT protein expression in the rat brain. Our results suggest that a single bout of prolonged moderate exercise induces the region-specific upregulation of MCT1, MCT2, MCT4, GLUT1, and COX IV proteins.
ACKNOWLEDGMENTS
We thank M. Takeyama for excellent technical assistance. We are grateful to Dr. Hideo Hatta, Department of Sports Science, University of Tokyo, for donating MCT1, MCT2, and MCT4 antibodies.
GRANTS
Support for this study was provided by Japan Society for the Promotion of Science Research Grant 25350831 to T. Hamada.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s). 
AUTHOR CONTRIBUTIONS
